The hydrolysis of the bacterial spore peptidoglycan (cortex) is a crucial event in spore germination. It has been suggested that SleC and SleM, which are conserved among clostridia, are to be considered putative cortexlytic enzymes in Clostridium perfringens. However, little is known about the details of the hydrolytic process by these enzymes during germination, except that SleM functions as a muramidase. Muropeptides derived from SleC-digested decoated spores of a Bacillus subtilis mutant that lacks the enzymes, SleB, YaaH and CwlJ, related to cortex hydrolysis were identified by amino acid analysis and mass spectrometry. The results suggest that SleC is most likely a bifunctional enzyme possessing lytic transglycosylase activity and N-acetylmuramoyl-L-alanine amidase activity confined to crosslinked tetrapeptide-tetrapeptide moieties of the cortex structure. Furthermore, it appears that during germination of Clostridium perfringens spores, SleC causes merely small and local changes in the cortex structure, which are necessary before SleM can function.
The bacterial spore peptidoglycan (cortex) is responsible for the maintenance of spore dormancy and heat resistance. The cortex has a unique spore-specific structure that allows it to fulfill its role, and cortex hydrolysis during spore germination is essential to allow outgrowth and the formation of a new vegetative cell. The gross morphological and biochemical changes that occur at germination are likely to be common to all species. Therefore, it had been assumed that the molecular events in germination might be similar in nature across the range of endospore formers. 1) Most studies of spore structure and germination have been focused on Bacillus species, but recent studies have suggested that in bacilli and Clostridium perfringens, cortex-hydrolytic enzymes involved in germination differ in terms of both structure and mechanism of activation. 2) In the present study, an analysis of cortex degradation products was performed in order to understand better the hydrolytic process of C. perfringens S40 spore peptidoglycan during germination. In this organism, it has been suggested that SleC and SleM are germination-specific cortex-lytic enzymes. [3] [4] [5] Though SleM had been shown to be an N-acetylmuramidase (muramidase), 5) there has been no direct indication of the involvement of these enzymes in the degradation of the spore peptidoglycan during germination, and uncertainty has remained in the hydrolytic bond-specificity of the SleC proposed without detailed analysis of SleC products. 4) We show here that SleC is most likely a bifunctional enzyme with lytic transglycosylase and N-acetylmuramoyl-L-alanine amidase (amidase) activities.
Materials and Methods
Bacterial strains, growth, and preparation of spores. All C. perfringens and B. subtilis strains used in this study are shown in Table 1 . pBluescript II KS(+) (Stratagene, La Jolla, CA) was used as a cloning vector. Spores of C. perfringens S40 were prepared by previously described methods. 3, 6) Spores of the B. subtilis BJH mutant were prepared in Schaeffer medium. 7) When necessary, chloramphenicol, spectinomycin, and erythromycin were added to final concentrations of 15, 50, and 0.3 mg/ml respectively.
y To whom correspondence should be addressed. Fax: +81-568-51-6084; E-mail: moriyama@isc.chubu.ac.jp Construction of a B. subtilis BJH mutant. The B. subtilis yaaH gene (1284-bp) was amplified by PCR and cloned into pBluescript II KS(+). The plasmid obtained was cut with BamHI, and a released 545-bp fragment containing a 539-bp 5 0 -region of the gene was inserted into the BamHI site of integrative plasmid pCX18, 8) which is a derivative of pUC18 carrying the chloramphenicol resistance (Cm r ) gene, yielding pCXYA5. pCXYA5 was integrated into the B. subtilis CJSB chromosome by single-crossover recombination. YaaH protein was not detected immunochemically in spore proteins of the mutant, confirming disruption of yaaH (data not shown).
Preparation of decoated spores and cortical fragments. Spores of C. perfringens and B. subtilis were decoated by treating them with 100 volumes of 0.1 M H 3 BO 3 , pH 10.0, containing 1% SDS and 2% 2-mercaptoethanol at 40 C for 15 h. After the spores were washed twice with 0.1 M H 3 BO 3 , pH 10.0, and five times with cold MilliQ water, they were stored in a 10% (w/v) suspension at 4 C. Cortical fragments of C. perfringens S40 were prepared as described previously 5) and used as substrate for SleM assay.
Preparation of cortex-lytic enzymes, SleC and SleM. Active SleC was obtained as follows: First, recombinant inactive SleC precursor was expressed in E. coli as described previously, 9) and prepared by procedures similar to those described for a purification of the precursor from C. perfringens dormant spores. 9) Then the recombinant SleC precursor was activated with germination-specific protease (GSP) prepared from C. perfringens spores, as described previously. 9, 10) It was confirmed that neither the SleC precursor nor the GSP fractions used here showed any cortex-lytic activity for decoated spores of C. perfringens or B. subtilis. SleM was purified from C. perfringens S40 spore germination exudate according to the method of Chen et al.
5) The enzymes were assayed by measuring the decrease in optical density at 600 nm (OD 600 ) of C. perfringens S40 decoated spore suspensions in the case of SleC and/or cortical fragment suspensions in the case of SleM, in a cell with a 1-mm light path at 32 C using a Jasco UV spectrophotometer (Japan Spectroscopic, Tokyo). One unit of activity was defined as a decrease in OD 600 of 0.10 per min.
Immunoblot of extract from decoated spores. C. perfringens S40 decoated spores were disrupted with a bead beater, and the extract of the debris, treated with 1% SDS for 5 min at 100 C, was examined by immunoblot with antisera raised against SleC and SleM, as described previously. 4, 5, 11) Treatment of decoated spores with murein hydrolases. B. subtilis BJH decoated spores (0.02 g wet weight) suspended in 1 ml of 40 mM Tris/HCl, pH 7.0, were treated with SleC (2.0 U), SleM (1.2 U), a mixture of SleC (2.0 U), and SleM (1.2 U), and/or chicken egg white lysozyme (0.2 mg, Taiyo, Yokkaichi, Japan) at 32 C for 5 h. During the treatment with SleC and lysozyme, the OD 600 of the spore suspensions decreased to approximately 60% of the original value within 80 min in the case of B. subtilis BJH decoated spores. Exudates from hydrolase-treated decoated spores were recovered and were used as sources for muropeptide analysis. Dipicolinic acid in the exudates was detected by UV spectrum analysis.
Fractionation of muropeptides.
Exudate from lysozyme-digested decoated spores (10 ml exudate from 0.2 g wet B. subtilis BJH spores) was concentrated to 2 ml by vacuum evaporation and applied to a Superose 12 column (2.2 by 170 cm, bead size 20 to 40 mm; GE Healthcare, Piscataway, NJ) at room temperature. Elution was performed at a flow rate of 1.0 ml/min in 20 mM Tris/HCl, pH 7.4, using a Jasco 880-PU pump and a Jasco 875-UV detector (Japan Spectroscopic).
Prior to separation of the muropeptides by reversed phase HPLC (rpHPLC), muropeptide sample solutions were mixed with an equal volume of 0.5 M H 3 BO 3 , pH 9.0. The solutions were reduced with NaBH 4 (final concentration, 1.66 mg/ml) for 8 min at room temperature, and the reduction was terminated by the addition of H 3 PO 4 (35 ml/ml), as described by Atrih et al. 12) and Popham et al.
13)
Muropeptides derived from B. subtilis BJH spores were separated with a JascoTrirotor-VI system equipped with a Uvidec-100-VI UV detector (Japan Spectroscopic). Typically, a reduced sample solution (2 ml from 0.02 g of wet spores) was applied to a Develosil ODS-5 column (4.6 by 250 mm, mfg. no. 231027, bead size 5 mm; Nomura Chemical, Seto, Japan) and elution was carried out at a flow rate of 0.5 ml/min with a linear at a flow rate of 1.5 ml/min in the buffer system described above. The relative contribution of each peak to the whole chromatogram (i.e., the mole % of component) was determined by comparing their areas under the curve to that of the whole HPLC profile.
Identification of muropeptides. HPLC-purified muropeptides were vacuum dried and subjected to amino acid and amino sugar analysis, N-terminal amino acid analysis, and mass spectrometry. The dried samples were dissolved in 6 N HCl and hydrolyzed under a vacuum at 105 C for 16 h. The samples were vacuum dried, dissolved in 0.1 M citric acid, pH 2.2, and then loaded on a 500/V Aminotac amino acid analyzer (JEOL, Tokyo). The quantification and elution positions of glucosamine, muramic acid, muramitol (prepared by reduction of muramic acid), Ala, Glu, and diaminopimelic acid (Dpm) were determined with standards, using a ninhydrin color reaction. Automatic Edman degradation analysis of muropeptides was carried out with an Applied Biosystems Procise Sequencer.
Mass spectrometry was performed by fast atom bombardment (FAB) ionization using a JMS-HX/ HX110A spectrophotometer (JEOL) operated in the positive and negative ion modes utilizing a neutral beam of xenon atoms with a translational energy of 5 keV.
14)
The dried muropeptides were dissolved in 4 ml double distilled water; 1 ml was admixed with 1 ml ionization matrix and loaded onto a stainless steel FAB sample tip. A mixture of glycerol:thioglycerol:3-nitrobenzylalcohol (volume ratio, 1:1:1) was used as the ionization matrix for the positive ion mode, and a mixture of triethanolamine:3-nitrobenzylalcohol (volume ratio, 1:1) for the negative ion mode. Precursor ions
were acquired, and from two to five spectra were typically averaged. In some cases, the identity of the precursor ion in the negative mode remained unclear, probably due to low ionization under the measurement conditions applied.
Results
Effects of SleC on decoated spores of C. perfringens Decoated spores of C. perfringens prepared, as described in ''Materials and Methods,'' were phasebright and insensitive to a germinant, a mixture of L-alanine and inosine. As shown in Fig. 1 , curve b, one of the germination-related cortex-lytic enzymes of C. perfringens, SleC, caused a loss in the refractility of decoated C. perfringens spores, resulting in a decrease in OD 600 , a measure of cortex degradation, of the spore suspension. Dipicolinic acid, which is known to be released from bacterial spores during germination, was detected in the exudate from SleC-treated decoated spores (data not shown). Muropeptides were also detected in the exudates, as in the case of SleC-digestion products of heat-treated decoated spores (see below). On the contrary, another germination-related enzyme, SleM, which has been found to be a muramidase, 5) caused neither such a change in the OD 600 of the suspension (curve a) nor a release of dipicolinic acid. However, in the case of a mixture of SleC and SleM (curve c), the rate of OD 600 decrease was faster than in the case of SleC alone. These results suggest that SleC activity is necessary before SleM can act, and that there is a cooperative action of SleC and SleM during the germination of C. perfringens spores.
It has been reported that decoating of C. perfringens spores with 2% 2-mercaptoethanol at pH 10.0 released the cortex-lytic enzymes SleC and SleM into a medium. [3] [4] [5] Immunoblot analysis demonstrated that SleC was completely freed from decoated spores; however, SleM, though less than about 10%, remained in the decoated spores (data not shown). SleM was not eliminated completely by decoating at pH 11.5, and the exposure of spores at pH 12.0 unequivocally modified the spore peptidoglycan structure (data not shown). Furthermore, muropeptides obtained by muramidase activity were detected in SleC-digestion products of heat-treated decoated spores (95 C for 6 min in 5% trichloroacetic acid, a procedure used to inactivate cortex-lytic enzymes in B. subtilis decoated spores) 13) (data not shown). This result suggests either that sporebound SleM exists in a highly active and extremely stable form or that SleC itself possesses muramidase activity. In conclusion, using C. pefringens decoated spores, we were unable to obtain definite information about the hydrolytic bond-specificity of SleC.
Mode of action of SleC
As indicated in Table 2 , SleC hydrolyzes the cortex of decoated spores of B. subtilis, Bacillus cereus, and Bacillus searothermophilis, as well as that of C. perfringens. Hence, the mode of action of SleC was analyzed using decoated spores of a B. subtilis BHJ mutant, which lacks three enzymes related to cortex hydrolysis, vis., SleB, YaaH, and CwlJ.
2) The mutant grew normally, and its spores were insensitive to germinants for wild-type spores, L-alanine and a mixture of L-asparagine, D-glucose, D-fructose, and KCl. Treatment of the decoated spores with SleC caused a loss of spore refractility and released soluble products, as in the case of the C. perfringens decoated spores. The products were analyzed by gel exclusion column chromatography ( Fig. 2A) . Amino sugar analysis of major peak fractions revealed that muropeptides eluted close to a void volume (fraction I), suggesting that the SleC products are muropeptides with high molecular weights. Most major peaks contained dipicolinic acids. A second digestion of the SleC-solubilized products with lysozyme caused the disappearance of the high molecular weight fraction, generating smaller muropeptides, as shown in Fig. 2B (fraction II) . Lysozyme-digested decoated spores of the mutant also resulted in the liberation of small muropeptides, as in the case of decoated spores of wild-type B. subtilis. The muropeptides in the murein hydrolase-solubilized products were further analyzed by rpHPLC (Fig. 3) .
After being reduced with NaBH 4 , the muropeptides were resolved in an acetonitrile gradient system using Develosil ODS-5 columns (4.6 by 250 mm, mfg. no. 231027, and 8.0 by 250 mm, mfg. no. 0905293), as shown in Fig. 3A . However, in contrast to the result in the latter case of SleC/lysozyme-treatment, SleC released only a trace of small muropeptides from the mutant decoated spores (Fig. 3A, curve a) , which is consistent with the above results of gel exclusion column chromatography (Fig. 2) . Since lysozyme-treatment liberates small muropeptides from decoated spores (Fig. 3A, curve b) , these observations suggest that SleC does not possess muramidase activity. A second digestion of SleC-solubilized products with lysozyme generated small muropeptides, as shown in Fig. 3A (curve c). In fact, this result was directly verified by lysozyme digestion of the isolated fraction I of Fig. 2A. A comparison of the profiles of lysozyme-digested prod- The SleC-solubilized products (1 ml) were further digested with lysozyme (0.2 mg). SleC-solubilized products (A) and SleC/lysozyme double-digested products (B) obtained from approximately 0.01 g of wet decoated spores were applied to the column. Major peak fractions were collected and their amino sugar contents were analyzed, as described in ''Materials and Methods.'' The void and internal volumes of the column are shown by the elution positions of blue dextran (BD) and 2-mercaptoethanol (2-ME).
ucts and SleC/lysozyme double-digested products revealed that, in addition to the common peaks, the latter generated novel peaks dependent upon SleC activity.
Characteristic peak components, shown in Fig. 3A , were analyzed by mass spectroscopy and, after acid hydrolysis, by amino acid and sugar analysis. Based on the structure of B. subtilis spore peptidoglycan, 12, 13) Ala, Glu, Dpm, glucosamine, muramic acid, and muramitol were quantified by amino acid and sugar analysis. Reduction with NaBH 4 changes muramic acid into muramitol, 15) but muramitol showed only a ninhidrin color value of 0.025 relative to that of Ala. Thus, direct quantification of muramitol was substantially impossible, except for its major components. Furthermore, some of the muramic lactams were also reduced by NaBH 4 . Reduced lactam has been found to appear as a component with mobility similar to that of histidine upon amino acid and sugar analysis. 13) However, lack of authentic muramic lactam as a standard prevented quantitative determination of reduced lactam. Based on these findings, the compositional data were rounded up or down to fit the more accurate mass spectrometric data. The results are summarized in Table 3 , and are compared there with the previous results for B. subtilis spores, studied in detail. 12, 13, 16) Muropeptides A1-A9, shown in Fig. 3A , which are common to both lysozyme-and SleC/lysozyme-solubilized products, were identified as four tetrasaccharides (4S), four hexasaccharides (6S), and one octasaccharide (8S), with a single Ala or tetrapeptide L-Ala--D-GluDpm-D-Ala (TP) as the side chain on the muramic acid residue of the glycan strand. Among these, muropeptides with approximate mass differences of À14 Da and À2 Da are thought to be molecules with reduced lactam 12) and with non-reduced muramic acid respectively. The elution positions of these muropeptides in rpHPLC were similar to those shown in Fig. 2C of ref. 13 , which represents the rpHPLC separation of spore peptidoglycan muropeptides derived from the muramidase digestion of wild-type B. subtilis using the acetonitrile gradient system. Treatment of mutant decoated spores with SleC prior to lysozyme digestion generated SleC digestion-specific muropeptides C1-C7. Muropeptides C4, C5, C6, and C7 exhibited a molecular mass that was 20 Da lower than those of the related reduced muropeptides, A3, A4, A6, and A7. These products are anhydromuropeptides generated by a lytic transglycosylase. 16) Glycan chains without substituted side chains (4S and 6S; muropeptides C1 and C2 respectively) and a tetrasaccharide-tetrapeptide-tetrapeptide (4S-TP-TP; muropeptide C3) emerged, and a cross-linked muropeptide disaccharide-tetrapeptide-tetrasaccharide-tetrapeptide (2S-TP-4S-TP; muropeptide B1) disappeared. These results are dependent on amidase activity. N-terminal amino acid analysis of C3 yielded Ala in cycle 1 of Edmann degradation, without any release of amino acid in cycle 2, as shown in Fig. 3B . This result agrees with the assumption that -D-Glu is the next amino acid, which does not react with phenylisothiocyanate; this result provides further support for the presumed structure 4S-TP-TP. In accordance with the failure to detect TP, there was no significant change in the total amount of muropeptides with substituted side chains; the decrease of 12.2 mole % in components 4S-Ala, 4S-TP, 6S-Ala, and 6S-TP in SleC/lysozyme-digested products was compensated for by the appearance of their anhydro-muropeptides (12.9 mole %). These observations suggest that the amidase cuts only one of the two bonds between N-acetylmuramic acid and the Ala residue of the cross-bridged tetrapeptide-tetrapeptide in the spore peptidoglycan (Fig. 4) .
Discussion
In the present experiment, the hydrolytic bond- A, Reversed phase HPLC patterns of exudate from SleC-digested products (curve a), lysozyme-digested products (curve b), and SleC/ lysozyme double-digested products (curve c). Peaks in the first part of the chromatograms (time < 60 min) were well resolved by a Develosil ODS-5 column (8.0 by 250 mm); these results are shown in the insets. Identified peak components are numbered. The peaks marked with an X are not muropeptides; they are probably buffer components. 13, 22) B, Phenylisothiohydantoin (PTH) amino acids released in cycles 1 and 2 of the automatic Edman degradation of component C3 in curve c. specificity of SleC was examined using B. subtilis BHJ mutant spores, which lack the enzymes related to cortex hydrolysis (SleB, YaaH, and CwlJ) as the substrate. The SleB protein is a lytic transglycosylase enzyme indispensable for nutrient germination. 7, 17, 18) YaaH is a germination-specific cortex-modifying enzyme, but is not responsible for a direct hydrolytic reaction of spore peptidoglycan. [18] [19] [20] The CwlJ protein is required for spore germination in response to calcium dipicolinate, and its hydrolytic specificity has not yet been defined. 18, 21, 22) Digestion of these enzyme-defective decoated spores with SleC generated cortical fragments with a high molecular mass by both lytic transglycosylase acting on glycan strands (as designated by arrow 1 in Fig. 4 ) and amidase acting on the bond between L-Ala and N-acetylmuramic acid (as designated by arrow 3 in Fig. 4) . Indeed, a database search revealed that SleC also displays sequence similarity with known amidases, B. subtilis CwlA and XylA, 4, 23) in the N-terminal region in addition to the C-terminal region with the peptidoglycan-binding site. The amidase activity observed here was thought to be confined to the cross-linked moiety of the cortex, as judged by the production of a muropeptide, 4S-TP-TP, and also because virtually no change in the total amount of muramic acid replaced with the side chain TP was observed. Furthermore, SleC preferentially attacks intact spores, 3) and this morphological demand for a substrate suggests that intact cortex or the part of the cortex still maintaining intact spore morphology, which is at a distance from already cleaved bonds, is recognized as a substrate for lytic transglycosylase and amidase. This might account for the fact 24, 25) The present results unequivocally indicate that cortex hydrolysis during the germination of C. perfringens spores can reasonably be accounted for by the cooperative action of SleC and SleM. SleM exists in an active form in the spore, but does not lyse spores with intact morphology. 5) As indicated in Fig. 1 , SleC activity is necessary before muramidase SleM can function; therefore, it appears that a major role of SleC is to provide substrates for SleM. The resuscitation-promoting factors discovered in mycobacteria, which are extremely potent anti-dormancy factors, have strong structural similarities to lytic transglycosidase and lysozyme. 26) Recently, it was found that resuscitation-promoting factors cleave peptidoglycan, 27) suggesting that the activation of dormant cells requires peptidoglycan hydrolysis, which either alters the mechanical properties of the peptidoglycan to facilitate cell division or releases lysis products that function as anti-dormancy signals. 28) Though mycobacteria are not spore-forming, it is possible that dormant spores of the genera Bacillus and Clostridium might adopt a similar strategy in their germination processes, such that a limited amount of hydrolysis by SleC suffices to induce structural damage of the cortex, which is recognized by SleM as its substrate. Given the low cross-linking index in spore peptidoglycan, 12, 13) even local hydrolysis by SleC would allow efficient removal of the mechanical constraints of the cortex structure. Subsequent hydrolysis by SleM can cause further damage to the cortex structure in the whole spore, resulting in rapid cortex hydrolysis. Taking all this together, SleC appears to play a pivotal role in triggering cortex hydrolysis during germination. In addition, the digestion of decoated spores by SleC caused germination-like changes such as a loss of spore refractility and a release of dipicolinic acid. Initiation of these events in vivo, which has been observed at an early stage of germination, might be coupled to SleC-induced small and local changes in the cortex structure, and these changes might not be detected by bulk analysis procedures. Further detailed knowledge of the complexity and dynamics of cortex peptidoglycan chemistry and biochemistry is clearly required in order to understand how bacterial spores emerge from dormancy. . Approximately 50% of the muramic acid residues have been converted to muramic acid -lactam (MAL), which is found with great regularity at every second muramic acid position. The glycan chains can be cross-linked via the peptide side chains; peptide cross-links are between the "-amino group of diaminopimelic acid of one peptide and the carboxyl-terminal D-Ala of another. 13, 15) An example of each type of bond attacked by muramidase/lytic transglycosidase (1), glucosaminidase (2) , and amidase (3) is indicated by arrows on the structure. The results presented in this study suggest that SleC appears to possess both lytic transglycosidase activity and amidase activity.
